Introduction
The coordination chemistry of actinide ions with polydentate macrocyclic ligands is of particular interest in the context of actinide partitioning from nuclear waste. [1] [2] [3] Crown ethers 4 are known to form complexes with specific metal cations due to the match between cavity size and metal radii, 4, 5 which makes these ligands appealing because of the possibility of providing a specific fit for an ion by modifying the size of the crown cavity. Two common crown ether binding motifs are inclusion and outer-sphere complexes, depending on whether the metal center is encapsulated by the crown ether or partly exposed (Scheme 1). 4 Most of solid state actinide-crown ether studies involve uranyl(VI) complexes.
Crystallization from aqueous solutions results in the formation of a fully hydrated UO In a recent report, a series of 12-Crown-4 (12C4), 15-Crown-5 (15C5) and 18C6
complexes of uranyl, neptunyl and plutonyl with a metal-to-ligand ratio of 1:1 were synthetized in the gas phase; 16 1:2 complexes were also prepared in the case of 15C5 and 12C4. From hydration properties it was concluded that 1:1 actinyl-crown ether complexes exhibit either inclusion or outer-coordination (side-on) structures depending on the cavity size. 18C6 provides the best fit for actinyls, forming inclusion complexes with all the pentavalent actinyls, AnO 2 + (An= U, Np, Pu), as well as with hexavalent uranyl. 12C4 is too small to encapsulate actinyls, whereas 15C5 lies between 12C4 and 18C6 in accommodating actinyl inclusion, as reflected by the formation of both inclusion and outer-coordination isomers depending on the preparative conditions. In the case of 18C6 and hexavalent uranyl, only 1:1 inclusion complexes were synthesized, while 15C5 and 14C4 formed outer-coordination 1:1 complexes, which were able to add a second ligand to yield 1:2 sandwich complexes. More recently, the gas-phase [UO 2 (15C5) 2 ] 2+ complex was characterized by infrared spectroscopy and quantum chemical studies. 17 It was determined that the lowest-energy isomer comprises an outer-sphere sandwich structure with an unusual non-perpendicular orientation. performed to obtain the geometric parameters and bonding properties of these complexes.
Experimental Methods
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The formation of uranyl-12C4 complexes by ESI, and their CID and water-addition chemistry, was studied at LBNL using an Agilent 6340 quadrupole ion trap mass spectrometer (QIT/MS). The approach has been described elsewhere, including for studies of hydration of uranyl-crown complexes. and ~40 µM 12C4 in ethanol (<10% water). The IRMPD spectra were acquired using a Bruker amaZon QIT/MS. As with the ion trap at LBNL, the background water pressure is sufficiently high for hydration of unsaturated metal cation complexes prior to, or during, the IRMPD experiments. When hydration was sufficiently fast to yield hydrates of the studied ion and/or its fragments on the timescale of the IRMPD experiments the produced hydrates were continuously ejected from the ion trap to minimize any potential contribution from them to the IRMPD spectra.
In addition to the capability for hydration, complexes can be subjected to CID to induce fragmentation followed by IRMPD of the resulting products. The FELIX QIT/MS has been 6 modified 22, 23 such that the high-intensity tunable IR beam from FELIX can be directed into the ion packet, resulting in multiphoton dissociation that is appreciable only when the IR frequency is in resonance with an adequately high-absorption vibrational mode of the particular massselected complex being studied. The FEL produces ~5 µs long IR pulses with an energy of typically 40 mJ, which are in the form of a sequence of ~5-ps long micropulses at a 1 GHz repetition rate. An infrared spectrum of the mass isolated ions is obtained by measuring the photodissociation yield as a function of IR laser frequency. This IRMPD approach was previously employed to study crown ether 24, 25 and organouranyl complexes.
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Computational Methods
The geometry optimizations and vibrational frequency analyses were initial performed with B3LYP hybrid density functional 27,28 by using Gaussian 09 software. 29 The scalarrelativistic Stuttgart energy-consistent pseudopotential with 32-valence-electron and associated ECP60MWB_ANO valence basis set 30, 31 were used for the uranium atom, and Dunning's correlation consistent all-electron basis sets with polarized triple-zeta (cc-pVTZ) [32] [33] [34] were used for the oxygen, carbon and hydrogen atoms. The geometry optimizations were performed without symmetry restrictions and were followed by vibrational frequency analysis to determine the local minima or saddle point natures of the optimized structures. The reported reaction energies were obtained by combining the electronic energies with the zero-point vibrational energy corrections.
In further electronic structure calculations using PBE functional 35 with ADF code, 36 the scalar-relativistic zeroth-order regular approximation (ZORA) 37,38 was used in conjunction with Slater type orbitals (STOs) of the quality of triple-zeta plus two polarization functions (TZ2P).
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The bond order analyses based on the Mayer method (BO Mayer ), 40 the Gopinathan-Jug indices 41 and Nalewajski-Mrozek method (BO NM ) 42 were performed. The charge analyses based on
Mulliken method, Hirshfeld analysis, 43 Voronoi deformation density, 44 and Multipole derived charges 45 were calculated as well. 46 The energy decomposition analyses (EDA) based on canonical molecular orbitals 47, 48 and theoretical analyses via combined extended transition state (ETS) with the natural orbitals for chemical valence (NOCV) theory was carried out. 42, 49 The electron localization functions (ELF) 50 were calculated to investigate the feature of the weak dative bonding. The synthetic approaches, reactions (2) and (3) + from water addition reaction (3). To assess this hypothesis, IRMPD spectra were acquired for the two isomers prepared by reactions (2) and (3) and compared with those computed for the two structures, as discussed below. The computed structures of the other uranyl-12C4 complexes were also evaluated by comparison with the experimental IR spectra.
Results and Discussion
[ Figure 5 ; selected geometrical parameters are reported in S5 ). Although much higher in energy, this structure is remarkable in having two short U=O yl bonds of 1.74 Å and eight short "U-O eq " distances of 2.63 Å to yield a high net uranium-oxygen coordination of 10. Despite this high degree of uranium-oxygen coordination, the high-energy structure is evidently substantially destabilized due to repulsive interactions between the four 12C4 oxygens and the two uranyl oxygens.
9
The [UO 2 (12C4) 2 ] 2+ cations were isolated and photofragmented using FELIX to generate IRMPD spectra in the wavelength range of 500 cm -1 to 1800 cm -1 . The experimental and computed IR spectra for the GS isomer are shown in Figure 6 (a); those for the inclusion isomer are shown in Figure S8 (supporting information). A scaling factor of 0.98 was applied to the computed DFT frequencies to account for mode anharmonicities and deficiency in the exchangecorrelation functional used. [51] [52] [53] As is apparent in Fig. 6(a) there is good agreement between the IRMPD spectra and the computational results for the GS isomer. The computed spectrum for the high-energy structure is not in accord with the experimental spectrum (Fig. S8) . These results provide a high level of confidence that the structure of the synthesized species is that computed as the GS structure. The experimental uranyl  3 asymmetric stretch mode at 968 cm -1 is only slightly less red-shifted than the most extreme previously reported red-shift to 965 cm -1 for a dipositive gas-phase uranyl complex, 54 indicating substantial charge donation to the uranyl moiety from the two tridentate oxygen donor 12C4 ligands.
ESI also produced the [UO 2 (12C4) 2 (OH)] + complex. The computed GS structure is shown in Figure 5 (selected geometrical parameters are in Table 1 ). As is apparent in Figure 6 In accord with the steric congestion in this complex the dominant CID process is loss of one of the two 12C4 ligands, reaction 2, as seen in Figure 2 .
The binding mechanisms and strengths of 12C4 ligands to uranyl is of primary interest.
To provide insight into uranyl-12C4 interactions, we take UO 2 As reported above and shown in Figure 1 in a radical C atom that could bind to uranium to form an organoactinyl; however, this structure, shown in Figure S6 , is 53 kcal/mol above the computed GS structure. The GS structure of [UO 2 (12C4-H)] + , shown in Fig. 5 , contains an acyclic (12C4-H) ligand, which wraps around the uranyl moiety, tetra-coordinated in the equatorial plane, and displays U-O eq bond distances that are significantly shorter (i.e. < 2.6 Å) than the values for the complexes described above which comprise intact 12C4 ligands. (from 180 to 120.7) and the metal interacts directly with the deprotonated carbon atom of the crown-ether molecule, as well as with all four ether oxygen atoms. This organouranyl complex exhibits a U-C bond length of 2.34 Å, which is comparable to those for previously reported gasphase organouranyl complexes 26 ( Figure S6 , supporting information).
As is apparent in Figure 9 there is good agreement between the computed IR spectrum for the GS isomer of [UO 2 (12C4-H)] + and the IRMPD spectra. The computed spectrum for the high energy isomer is shown along with the experimental spectra in Figure S9 , where it is seen that the experiment/theory agreement is much less satisfactory. In particular, the rather intense absorption for this isomer around 950 cm -1 is not predicted, and the observed absorption around 820 cm -1 is much less intense than predicted. Based on comparison of the experimental and computed spectra it can be concluded that the GS structure of [UO 2 (12C4-H)] + shown in Fig. 5 is   12 the dominant or sole isomer produced in the experiments. Cleavage of the cyclic 12C4 ligand results in formation of a strong U-O single bond, which is a more energetically favorable scenario than an intact 12C4-H ring with a U-C organouranyl bond. This is a manifestation of the very strong bonds formed between uranium and oxygen.
Structures of Isomers [UO 2 (12C4)(OH)] + and [UO 2 (12C4-H)(H 2 O)] +
As noted above (Fig. 2) Figure 5 ; substantially higher energy (>50 kcal/mol) structures for both the hydroxide and hydrate isomers are shown in Figure S7 . (2) and (3) would be assigned as the hydrate, not the hydroxide as proposed in CID reaction (2).
Referring to Figures 3 and 4 , it is apparent that the reactivity of the isomers produced by reaction (2) and reaction (3) actually the hydroxide then the hydrate would be apparent in Figure 3 ; the absence of a peak in 
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The water addition chemistry evident in Figures 3 and 4 IRMPD spectra acquired for the species with the same composition but produced by reactions (2) and (3) are shown in Figure 10 . It is readily apparent that the species produced by reaction (2) (black spectrum in Fig. 10a ) and that produced by reaction (3) (black spectrum in The comparisons of the IRMPD and computed IR spectra reveal that the hypotheses presented above, and summarized as reactions (2) and (3) 
Supporting Information
ESI mass spectrum of the uranyl/12C4 solution. CID mass spectrum of (12C4) Figure 5 ; the optimized structures of higherenergy isomers are shown in Supporting Information. 
